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1. Cancer 
Cancer is the second cause of death in industrialized countries, after cardiovascular diseases. 
Increasing longevity and reduction in deaths from other serious illnesses, which gives tumors 
more time to develop, are partially involved in the increase of cancer incidence in the 20th 
century.[1]   
The tumor is a disease characterized by an aberrant structure and the uncontrolled growth 
of cells. The alterations that transform normal cells in neoplastic cells are usually structural 
(mutations) or, more rarely, functional. [2] 
Tumors can be classified in benign and malignant tumors, depending on their morphological 
characteristics, methods of growth and behavior towards neighboring tissues and the 
organism as a whole. The first ones enlarge but not invade surrounding tissues, have a 
cohesive structure and are delimited by a fibrous capsule; the latter are generally more 
dangerous because they invade tissues and spread to sites far from the place of origin 
(metastasis, which involves the formation of secondary tumors). Malignant tumors can 
indeed permeate blood and lymphatic vessels, and it’s not uncommon the possibility of 
relapse, which is the recurrence of cancer in the same anatomical location after surgical 
removal.  
However, all kind of tumors possess a common feature: their cells bypasse the control 
mechanisms of growth. 
Mutations responsible for the formation of the tumor involve 3 different classes of genes: 
 Oncogenes: genomic sequences (originated from proto-oncogenes) which are 
directly involved in the neoplastic transformation; their overexpression or functional 
modification alters the regulatory function of proteins involved in cellular growth. 
Mutations that convert proto-oncogenes in oncogenes are always activating 
mutations, and only one single copy of the mutated gene is sufficient for the 
oncogenic action, since oncogenes have dominant phenotype.  
 
 Tumor suppressor genes: or oncosuppressor are recessive genes, which means that 
both of the allelic copies have to be mutated to cause the loss of their function. In 
particular, inactivated mutations are involved, such as gene deletions or gene 
silencing determining the functional inactivation of the gene itself.  
 
 Mutated genes: directly and functionally involved in the earlier phases of the 
neoplastic process. Their expression serves to maintain the genomic integrity and 
stability; molecular modifications of these genes increase the chance of mutations in 
other genes implicated in oncogenesis. 
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There are various factors that have influence over cancer: even if it can affect people of any 
age, older people have a higher risk, due to the cellular damage and mutations accumulated 
in time. Smoking is another important factor, as well as air pollution, sedentary life, 
excessive consumption of alcohol, physical agents, chemicals and viruses. 
Age, gender, race, hormonal imbalances and genetic predisposition to mutations, are the 
intrinsic factors, and all are transmitted from parents to the progeny. On the contrary, 
external factors are called extrinsic, i.e. exposure to environmental carcinogens.  
Physical agents considered to be carcinogenic are: ultraviolet and ionizing radiations.  
Many epidemiological investigations have shown that ultraviolet radiations from sunlight or 
artificial sources play an important role in the etio-pathogenesis of some skin tumors. The 
oncogenic power of UV is related to their ability to induce mutations in the DNA of target 
cells. Biological results of this mutation are: enzyme inactivation, cell division alterations, 
mutagenesis, cell death (necrosis) and cancer. 
Ionizing radiations are a risk factor for the insurgence of solid tumors, especially for lungs 
and for leukemia. There is a direct toxic action, following absorption of radiation by DNA, 
that can cause breaking of one or both filaments, distortion and breakage of bases and 
formation of cross-links, all ending with cell death or mutations. 
Indirect toxic action is instead triggered by the transfer of energy to the water within the 
cells, causing the formation of free radicals, and a consequent oxidative damage.[2]    
 
1.1 Anticancer therapy  
The current therapy for the treatment of cancer includes: 
- Surgery 
- Radiotherapy 
- Chemotherapy 
Therapy is different from case to case, depending on the kind and the stage of the tumor. 
Surgery is the most appropriate treatment for solid tumors, it is indeed used to remove the 
tumor and surrounding tissues that may contain cancer cells. Unfortunately, it may also 
facilitates metastasis spread, displacing neoplastic cells. 
Radiotherapy is useful as a primary therapy in some local tumors, and can be used in 
association whit surgery and chemotherapy, reducing in that case the possibility of relapse. 
It works by destroying cancer cells, but it may also damage normal cells, even if they can 
usually repair themselves.  
Chemotherapy is based on the systemic administration of drugs, and it is generally used in 
combination with the other two types of therapies. The ideal antineoplastic drug should 
have selective toxicity on tumor cells and no toxicity on the normal cells. However, these 
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drugs have effects even on normal cells (especially on the hematopoietic system). It can be 
further classified in monochemotherapy and polychemotherapy. The first one is generally 
used with patients aged 70-75 years or older and it is the first choice for tumors as non-
Hodgkin lymphoma or anaplastic tyroid cancer. The most used is actually the 
polychemotherapy. The synergism of more anticancer drugs, enhance the therapeutic 
activity and reduce the toxicity of the single drug, changing the dosage and time of 
administration.  
 
1.2 Antitumor drugs  
Drugs used in cancer treatment act by inducing cell cycle arrest or programmed cell death 
(apoptosis); depending on which phase of the cycle is stopped, they can be divided into two 
categories: 
- Phase-specific: drugs are active on the neoplastic cells only in a specific phase of the 
cell cycle (for example, S phase for antimetabolites and M phase for Vinca alkaloids); 
 
- Phase-non-specific: drugs are active in any phase of the cell cycle (alkylating agents, 
antibiotics). 
 
 
Figure 1.  Cell cycle. 
The number of cells that phase-specific antitumoral agents can kill gradually increases until 
reaching a plateau phase. On the contrary, this doesn’t happen with non-specific drugs: 
increasing the dose, there will be a proportional increase of cell death, never reaching a 
plateau phase.  
The usual targets of cytotoxic therapy are the main processes involved in cell proliferation, 
such as the functions of DNA and cell division. 
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According to their mechanism of action, there is a further division of anticancer drugs: 
 Drugs interfering with the functions of DNA cause direct damage to DNA itself 
(genotoxic agents) by forming an irreversible chemical bond or complexes with 
different stability. These processes alter the conformation and the functionality of 
the double helix. 
Other compounds instead, induce indirect damage to DNA, by inhibiting biosynthesis 
of nucleic acids (antimetabolites);  
 
 Drugs, which interfere with cell division, are generally inhibitors of mitosis, that affect 
microtubule dynamics with consequent stabilization or inhibition of tubulin 
polymerization, and topoisomerases inhibitors.  
Despite partial specificity, there are two main limitations of cytotoxic agents: lack of 
sufficient selectivity for tumor cells, which is responsible for high toxicity - particularly in 
rapid growth tissues, such as sex glands, hematopoietic tissue and mucous membranes (e.g. 
intestinal) - and phenomenon of resistance to most of these drugs, especially in solid 
tumors.  
These drugs decrease the body's endogenous defense capacities and expose the patient to a 
higher risk of contracting infectious diseases. 
The main classes of drugs showing pro-apoptotic effects are: 
 Alkylating agents - a chemically and pharmacologically heterogeneous group used to 
treat different types of cancer, which alkylate nucleophilic sites of cellular 
macromolecules, particularly DNA. The consequence of DNA alkylation is the 
formation of inter- and intra-filament cross-links.  
The general mechanism of action includes either intra-molecular cyclization to form 
the aziridinium ion (for those compounds having a bis(chloroethyl)amino or 
ethylenimino functional group) or the formation of a vinyl carbocation (for those 
compounds having a nitrous-ureic functional group); in both cases a transfer of an 
alkyl group to a cellular constituent occurs. The main site for the alkylation of DNA is 
the N7 position of guanine, although other positions may be alkylated, as well as 
other nitrogenous bases and oxygens of the phosphate group (Figure 2). 
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Figure 2. The main target of alkylating agents: the guanine core. 
 
 
Although not considered cycle-specific drugs, alkylating agents seem to be more 
effective in G1 or S phases of the cell cycle and in rapidly proliferating tissues; cell can 
repair damage if endo- and exo-nuclease enzymes cut and remove the damaged 
nucleic acid strand, respectively.[3] 
 
 Topoisomerase inhibitors, which induce DNA double strand breaks on binding site 
with proteins.  
 
 Antimetabolites: compounds with structure similar to that of essential metabolites 
for the synthesis of DNA and RNA. As they are substrates and may inhibit specific 
enzymes, the main possible consequences for the cell are the incorrect incorporation 
of aberrant metabolites, block of crucial enzymatic systems, synthesis of 
metabolically inactive compounds.  
 
  Antimitotic drugs, which interfere with cell mitosis and, in particular, with the 
formation/disruption of the mitotic spindle. These drugs intrude with the 
polymerization of tubulin, a protein involved in the formation of the mitotic spindle. 
They work either by depolarizing microtubules or by leading to different structures 
from the spindle. Chromosomes cannot separate correctly, leading to cell death. 
 
 Intercalating agents, which insert their planar portion between two complementary 
base pairs of the DNA double helix, deforming and unwinding it. 
 
 Groove binders, i.e. chemical compounds containing a side chain (generally 
oligopeptidic) with the ability of binding the major o the minor groove of DNA; 
 
 Strand breakers, which generate radical species that react with the sugar portion of 
DNA, resulting in the breakage of the polynucleotidic filament.  
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Among the classes of compounds mentioned, only the alkylating agents, intercalating 
agents, groove binders, and strand breakers act by interacting directly with DNA.  
Intercalators and groove binders bind to DNA through non-covalent bonds and therefore in a 
reversible manner, whereas alkylating agents and strand breakers act as irreversible 
inhibitors.  
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2 .Topoisomerases 
The entire genome of a single human cell needs to be squeezed into a nucleus with a 6 µm 
diameter. To maintain the DNA compacted, isomerases are required to avoid super-helical 
tension and knots.  
DNA strand separation is obligatory to transcribe and replicate genomes by copying each 
base by RNA and DNA polymerases. Because of the DNA double-helical structure and lack of 
free rotation in cells, strand separation generates DNA supercoiling, where the two strands 
are separated by the polymerase-helicase complexes. 
As a result, positive supercoiling is generated in front of the replication or transcription sites 
and negative supercoiling behind. Without the action of DNA topoisomerases, positive 
supercoiling stops both replication and transcription, while negative supercoiling promote 
the formation of abnormal DNA structures.  
Human genome encodes six topoisomerases, which are classified in type I (Top1) and type II 
(Top2), depending on whether they cleave single-stranded or double-stranded DNA, 
respectively. All topoisomerases cleave the DNA phosphodiester backbone by nucleophilic 
attack from a catalytic tyrosine residue, which becomes linked to the phosphate end (P-Y) of 
the DNA break. These reactions are reversible and leave the DNA sequence unchanged 
following topoisomerization.  
Top1 is further subdivided into topoisomerase IA and IB, and Top2 also falls into two 
subclasses, IIA and IIB, but only the IIA type is human; only recently type IIB has been 
discovered in a particular bacterial strain (Figure 3). 
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Figure 3. Classification of human (A) and E. coli (B) DNA topoisomerases; (C) Noncovalent binding of type IB 
enzymes; (D) Scheme of the 3’-phosphotyrosine covalent bond in the Top1cc; (E) Trapping out the cleavage 
complex by CPT and the Top1 inhibitors; (F) Noncovalent binding of type IIA enzyme homodimers; (G) Scheme 
of the 5’-phosphotyrosine covalent bond in the Top2cc; (H) Trapping the cleavage complex by etoposide, 
doxorubicin or quinolones. 
 
E. coli type IA topoisomerase was the first topoisomerase discovered, and was initially 
named “ω protein”. Eukaryotic Top1 is classified as type IB because of two differences with 
E. coli Topo I: (i) it relaxes both negative and positive supercoils, whereas E. coli Topo I only 
relaxes negative ones; (ii)  it cleaves DNA by forming a tyrosyl-DNA covalent catalytic 
intermediate at the 3’-end of the break (3’-P-Y; Figure 3D), while E. coli Topo I forms a 5’-P-
Y- intermediate. Eukaryotic type IA, named Top3, was identified through genomic homology 
search. Vertebrates encode two Top3 enzymes (Top3α and β). The last discovered human 
topoisomerase is Top1mt, a type IB enzyme encoded in the nuclear genome but operating 
on mitochondrial DNA (Figure 3A). In vertebrates, only Top1 and Top1mt form covalent 
linkages to the 3’-end of the breaks (Figure 3A). All the other topoisomerases form 5’-
phosphotyrosyl covalent bonds. 
Bacteria tend to have a simpler organization than vertebrates, with only four 
topoisomerases in E. coli (Figure 3B). However, bacteria have two type IA enzymes (Topo I 
and Topo III) and two type IIA enzymes (gyrase and Topo IV). [6] 
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2.1 Topoisomerase I 
Human topoisomerase I is a monomer, and presents four main domains: the N-terminal 
domain; the central domain (also called core domain, which is further divided into three 
distinct sub-domains); the "linker" domain (the two alpha helices that form a domain protein 
that protrudes from the ring); and the C-terminal domain (Figure 4). Domains essential for 
catalytic activity are the core and the C-terminal domains, the latter containing the catalytic 
tyrosine, while the other two are not indispensable [4]. 
 
Figure 4. Structure of human Top1. 
 
Top1 is found wrapped around the DNA in two distinct conformations: open and closed. In 
the compact or closed form, the enzyme exhibits a central pore, where the DNA is located. 
Inside the pore there is the catalytic site of Top1, which is a highly conserved domain, 
consisting in the tyrosine 723 (responsible for nucleophilic attack to the phosphate of DNA, 
located in the C-terminal domain).  
 
Activity of human topoisomerase I involves four steps (Figure 5):  
1. DNA bond: the enzyme in the open conformation of its core domain recognizes the 
ribonucleotidic chain and leads to the subsequent formation of the non-covalent DNA-
topoisomerase complex, Top1cc; this bond culminates in the closure of topoisomerase 
around nucleic acid, so that the subdomains I and III of the core domain are touching;  
2. DNA cleavage: the amino acids of the active site are located in a position that prevent the 
nucleophilic attack by 723Tyr on phosphodiester bond of the DNA, to form a phosphotyrosinic 
bond and constitute the Top1 cleavage complexes;  
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3. DNA relaxation: the enzyme undergoes a conformational change, which allows the 
passage of the intact filament through the interruption produced in the other one.  
4. DNA mending: it occurs by transesterification. Hydroxyl in 5’ end of cleaved strand attacks 
phosphate, aligned with the hydroxyl group itself, still bound to enzyme tyrosine within the 
complex Top1-Tyr-DNA. Thus, the original phosphodiester bond is reconstituted. Finally, the 
enzyme releases DNA [5,7].  
 
 
Figure 5. Topoisomerase I mechanism of action. 
 
 
2.2 Topoisomerase II 
Topoisomerase II (Figure 6) consists of two or more subunits and catalyzes a process similar 
to that of Topoisomerase I. Its mechanism of action is different from the enzymes of class I: 
Topoisomerase II causes a breakage in both strands, which form a double helix in a certain 
region of DNA, and favors the passage through it of another duplex region. It is able to relax 
both positive and negative supercoils. 
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Figure 6. Topoisomerase II. 
 
 
Both Top1 and Top2 can remove DNA supercoiling. In yeast, inactivation of Top1 is 
compensated by other topoisomerases. However, Top2-deficient yeast strains die at mitosis 
because Top2 is essential for chromosome condensation and segregation. This is because 
only Top2 can separate interlinked duplex DNA circles (catenanes). In all cells, decatenation 
is essential at the end of replication to enable the segregation of newly replicated 
chromosomes.  
Mammals have two isoenzymes, Top2α and β. The first one is linked to cell proliferation, 
while the second one is also expressed in nondividing cells. They function as homodimers 
and require Mg2+ (Figure 7A). Top2 exhibits a relatively “relaxed” sequence selectively, 
allowing its action at multiple sites of the genome. The enzyme dimer, preferentially binds 
DNA crossover regions (DNA supercoils, knots, catenanes) (Figure 7B). The two DNA 
segments are referred to as the G (gate) and T (transported) segments. The G segment is 
cleaved by the enzyme in order to pass the T segment through the enzyme-DNA complex 
(Figure 7A). After ATP binding, Top2 undergoes a conformational change from an open to a 
closed clamp form (step 2). 
In presence of Mg2+ the tyrosine from each Top2 monomer attacks a DNA phosphodiester 
bond four bases apart on opposite strands of the G duplex and becomes covalently linked to 
the 5’ end of the broken DNA (Figure 3E).  
The T segment can then pass through the broken G segment (steps 3 and 4). After that, the T 
segment is released from the clamp, and the broken ends of the G segment are religated 
within the Top2 homodimer complex (steps 5 and 6). ATP hydrolysis converts the complex 
back to its open clamp form with release of the G segment (step 6).      
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Figure 7. (A) Schematic representation of the catalytic cycle for human Top2 enzymes; (B) Reactions catalyzed 
by type IIA topoisomerase. 
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3. Top1 inhibitors 
Camptothecin (CPT) is a natural alkaloid isolated from Camptotheca acuminata that showed 
remarkable anticancer activity in clinical trials.  
 
 
Figure 8.  Camptothecin. 
 
It selectively inhibits DNA topoisomerase I, binding and stabilizing the Top1-DNA cleavage 
complexes (Top1cc).  
Four lines of evidence demonstrate the selective poisoning of Top1 by CPT:  
1. only the natural CPT isomer is active against Top1; 
2. genetically modified yeast deleted for Top1 is immune to CPT; 
3. cells selected for CPT resistance bring precise and casual point mutations in the Top1 
gene; 
4. CPT-producing plants produce a point mutation in Top1 that also renders the enzyme 
immune to CPT. 
The study of the chemical structure of CPT, the elucidation of the groups relevant for drug 
activity and the subsequent chemical modifications on its structure led to the synthesis of 
three water-soluble derivatives: Irinotecan, Topotecan and Belotecan, approved for clinical 
use. Other derivatives (Gimatecan, Belotecan, Lurtotecan and Exatecan) have been 
developed to improve solubility and clinical tolerability and allow oral administration (Figure 
9). However, they retain the chemical instability of camptothecins. In spite of their 
established anticancer activity, camptothecins have a major limitation, as they are 
inactivated within minutes at physiological pH by lactone E ring opening (Figure 9). 
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Figure 9. Camptothecin and its clinical derivatives. 
 
Two approaches were undertaken to overcome the E ring instability of camptothecins. 
Addition of a methylene group in the E ring, as in the homocamptothecins (Figure 10A), 
limits E ring opening but, once this happens, they become irreversibly converted to an 
inactive carboxylate. In the second approach, conversion of the E ring to a five-membered 
ring completely stabilizes the drug (S39625, Figure 10A).  
The first noncamptothecin Top1 inhibitor reaching clinical trials was edotecarin (Figure 10B). 
However, like other indolocarbazoles, it affects other cellular targets besides Top1, including 
DNA itself. Two families of noncamptothecin Top1 inhibitors are entering clinical 
development: the indenoisoquinolines and the dibenzonaphthyridinones (Figure 10B). Both 
are synthetic and chemically stable, thereby overcoming the E-ring-opening inactivation of 
camptothecins. They also overcome the drug efflux-associated resistance of camptothecins 
and produce more stable cleavage complexes at different genomic locations compared to 
camptothecins. The aromathecins (Figure 10B) are at an earlier stage of development [6].  
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Figure 10. (A) Synthetic E-ring-modified camptothecin derivatives; (B) non-camptothecins. 
 
In spite of the fact that Top1 is the sole target of camptothecins, the molecular determinants 
of their anticancer activity are complex. Top1 is required for both normal and cancer cells, 
and intrinsic defects in DNA repair and checkpoints, which are the landmarks of cancer cells, 
are likely the Achilles’ heels of cancer cells treated with anti-Top1 drugs.  
Drug-stabilized Top1cc are converted into DNA damage by two main processes: DNA 
replication and transcription (Figure 11). Collision of DNA or RNA polymerase complexes into 
stalled Top1cc disrupts the architecture of the Top1cc. The double-strand end generated by 
the stalled polymerase cannot reverse the tyrosine-phosphodiester bond and thereby 
generates an irreversible Top1-DNA crosslink associated with a double-strand end. The 
various lesions resulting from the conversion of reversible Top1cc into DNA damage are 
sometimes referred to as “suicide complexes” or “dead-end covalent complexes”. The repair 
of such lesions is only partially understood. At least two steps need to take place: removal of 
the Top1 from the 3’-DNA end and religation of the free 5’-end (Figure 11) [7]. 
The best-characterized pathway for the removal of Top1-DNA adducts implicates tyrosyl-
DNA phosphodiesterase 1 (Tdp1). 
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Fig. 11. Conversion of Top1 cleavage complexes into DNA damage by displacement of the 5’-hydroxyl at the 
end of the cleaved strand by DNA replication, transcription, or preexisting DNA lesions. (A) Schematic 
representation of a Top1 cleavage complex trapped by camptothecin (black rectangle). Top1 is covalently 
bound to the 3’-end of the broken DNA. The other end is a 5’-hydroxyl. (B) Conversion of the cleavage complex 
into a covalent Top1–DNA complex by a colliding transcription complex (the RNA is shown in green).  
(C) Conversion of the cleavage complex on the leading strand into a covalent Top1–DNA complex by a colliding 
replication fork (the leading replication is shown in red; the lagging replication in blue). (D and E) Formation of 
a suicide complex by a single-strand break on the same (D) or the opposite (E) strand from the Top1 scissile 
strand. (F) Formation of an irreversible Top1cc by a base lesion ((∗) abasic site, mismatch, oxidized base) at the 
5’-end of the cleavage site. (G) Formation of a double-strand break at two Top1 cleavage sites close to each 
other. 
 
4. Tyrosyl-DNA phosphodiesterase 1 (Tdp1) 
Tdp1 belongs to the phospholipase D (PLD) superfamily of phospholipid hydrolyzing 
enzymes. The superfamily comprises a highly diverse group of proteins that include plant, 
mammalian and bacterial proteins; these proteins result after a gene duplication event with 
each half of the protein containing four repeated motifs. Motifs 3 and 4 contain an 
extremely conserved sequence, called the HKD motif, which is essential for Tdp1 activity. [10]  
In figure 12 are highlighted the positions that were identified as key elements of the HKD 
motif. The Tdp1 homologs lack the conserved aspartate (in black in fig. 12), while the 
conserved histidines, lysines and asparagines from both HKD motifs surround the active site 
pocket. The absence of aspartate residue suggests that Tdp1 possesses a unique HKD motif 
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that differs from other PLD superfamily members. Furthermore, mutations in the conserved 
residues, especially histidines and lysines, result in a huge loss of activity [8].  
 
 
Figure 12. Alignment of the HKD motifs found in Tdp1 orthologs with the HKD motifs of a representative 
member from each PLD superfamily class (hs= Homo sapiens; ce= C. elegans; dm= D. melanogaster; at= A. 
thaliana; sp= S. pombe; sc= S.cerevisiae). 
 
Tdp1 catalyzes the cleavage of the covalent bond between the Top1 tyrosine and the 3’-end 
of the DNA. Hydrolysis of the tyrosyl-DNA phosphodiester linkage generates a 3’-phosphate 
(Figure 13), which is further processed by a 3’-phosphatase, such as the polynucleotide 
kinase phosphatase (PNKP) or the human apurinic endonuclease Ape1. 
 
  
 
Figure 13. Repair of Top1cc by the Tdp1-PNKP pathway.  
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The alterations in the structure of both the DNA and the Top1 are required for Tdp1 binding: 
the DNA needs to be single-stranded and the Top1 reduced to a short polypeptide folded 
differently than the native one [11]. The specificity of Tdp1 for processing 3’-tyrosil-DNA but 
not 5’ complexes, suggests that Tdp1 belongs to a pathway specific for the repair of Top1-
DNA adducts.  
 
Optimum Tdp1 activity requires: 
1. a DNA segment consisting of at least a few nucleotides that would bind in Tdp1’s 
positively charge groove; 
2. an exposed phosphotyrosyl bond at the Tdp1-DNA junction: Tdp1 acts after the 5’-
end of the broken DNA has been digested or displaced to provide access to the 3’-
phosphotyrosyl bond; 
3. a short Top1 polypeptide segment; Tdp1 activity, in fact, decreases as the length of 
Top1 chain is extended. Besides, Top1 needs to be proteolysed for efficient Tdp1 
activity.  
 
For all these reasons, the development of inhibitors of Tdp1 may be useful in combined drug 
therapy with camptothecins for the treatment of cancers, since Tdp1 theoretically 
counteracts the effects of camptothecin and its derivatives. 
In addition to Tdp1, alternative pathways exist for removing Top1cc. At least three 
endonuclease complexes can cleave 3’-damaged DNA from DNA lesions. Rad1/Rad10 
(budding yeast orthologs for the human nucleotide excision repair 3’-endonuclease 
XPF/ERCC1) and Tdp1/PNKP appear to function in parallel and to be redundant pathways, 
while Mus81/Mms4 functions in parallel (Figure 14A). Like Tdp1, Rad1/Rad10 requires a 
single-stranded gap between the 3’-end to be processed and the 5’-end of the DNA, 
suggesting that Tdp1 and Rad1/Rad10 share common substrates.  
Similarly, the Mre11/Rad50/Xrs2 (MRX) (the human orthologs are Mre11/Rad50/Nbs1 
[MRN]) complex preferentially cleaves gapped substrates and hairpin structures. However, 
the MRN complex also possesses checkpoint functions that probably contribute to the 
normal response to camptothecin. 
Mus81/Mms4 (the ortholog of budding yeast Mms4 is Eme1 in humans and fission yeast) 
preferentially cleaves broken replication forks and requires the presence of duplex DNA near 
the 3’-end to be processed (Figure 14B). Mus81-deficient yeasts are highly sensitive to 
camptothecin[7,13].  
 
 
22 
 
 
Figure 14. Repair of Top1 covalent complexes by the 3_-endonuclease pathways. (A) Schematic representation 
of the genetic pathways implicated in the removal of the Top1-DNA covalent complexes. (B) Differential 
substrate requirements for Rad1/Rad10, Mre11/Rad50, and Mus81/Mms4 (budding yeast ortholog of human 
and fission yeast Mus81/Eme1). Both Rad1/Rad10 and Mre11/Rad50 require the DNA to be single-stranded 
opposite to the 3’-flap, suggesting that gap repair should follow their action. By contrast, Mus81/Mms4 
requires the DNA to be double-stranded opposite to the 3’-flap as in collapsed replication forks.  
 
The Top1-induced double-strand break (DSB) generated by replication fork collisions can be 
processed both by homologous recombination (Rad51/52) and non-homologous end-joining 
(NHEJ). Figure 15[7] shows two possible pathways for the repair and restart of replication 
forks following Top1-induced DNA damage. In panel (A), Tdp1 or Mus81/Eme1 would 
remove the Top1cc. The repair of the DSB proceeds by homologous recombination following 
5’-end resection. The resulting 3’-single-stranded DNA segment serves to initiate 
homologous recombination (HR) by the Rad51/Rad52 pathway. 
In panel (B), the other pathway is shown, initiating by replication fork regression (RFR) [14]. 
During RFR, annealing of the newly replicated leading and lagging strands forms a DNA 
cruciform (four stranded junction, referred to as “chickenfoot”)[15]. Once the DNA 
downstream from the Top1cc has been reannealed, the Top1 cleavage complex could 
reverse without intervention of repair enzymes since the 5’-hydroxyl end of the DNA could 
be aligned with the Top1-DNA phosphotyrosil bond. 
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Figure 15. Schematic representation of the proposed repair of Top1-mediated DNA replication induced DSBs. 
(A) The Top1–DNA covalent complex is removed and the lagging strand ligated to restore one duplex. The 5’-
end is first digested, leading to the formation of a 3’-single-stranded DNA segment that can act as a substrate 
for homologous recombination. (B) Replication fork regression allows the normal religation of the Top1 
cleavage complex and lead to the formation of a “chicken foot”, which is equivalent of a Holliday junction. 
Replication fork restart requires melting of the “chicken foot” or resolution of the corresponding Holliday 
junction by the RecQ helicase/Top3 pathway.  
 
When these alternative pathways are inactivated, cells most likely rely more on the Tdp1 
dependent pathway for repairing camptothecin-induced DNA damage. Since many cancer 
cells are deficient in one or more DNA damage repair pathways, inhibiting Tdp1-dependent 
pathway have the potential to selectively sensitize cancer cells over normal cells to Top1 
poisons. 
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4.1 Tdp1 inhibitors 
 
Tdp1 inhibitors known so far are:  
 Aminoglycoside Antibiotics.  Because Tdp1 is a member of the phospholipase D 
(PLD) superfamily, other PLD inhibitors, like neomycin, were tested to evaluate their 
inhibiting activity over Tdp1. Using Tdp1 biochemical assays, it was found that 
millimolar concentrations of neomycin inhibits purified recombinant Tdp1; the two 
neomycin analogs, paromomycin and lividomycin, also inhibited Tdp1 activity at 
slightly higher concentrations (Figure 16) [9] 
 
Figure 16. Inhibition of Tdp1 activity by neomycin B (Neo), paromomycin I (Par), lividomycin (Liv) and sodium 
vanadate (in panel C). 
 
 Steroid derivatives. Through an electrochemiluminescence (ECL) assay, a C21-
substituted progesterone derivative (NSC 88915, Figure 17) was found to exhibit 
inhibitory activity against Tdp1 at low micromolar concentrations. [10]   
 
Figure 17. Derivative NSC 88915. 
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The molecule was deconstructed into two fragments (Figure 18) to establish their 
relative contribution toward the inhibition of Tdp1. Progesterone and p-tolylmethyl 
were used to mimic the steroid and phenyl sulfanyl ester portion: progesterone 
resulted poorly active, while p-tolylmethyl remained inactive, suggesting that the 
steroid and the phenyl sulfonyl ester fragments together are essential for the activity 
of NSC 88915 against Tdp1 [10] . 
 
 
 
Figure 18. Steroid and sulfanyl ester portions.   
 
 
 Furamidine. Its action was identified using a high-throughput ECL assay; furamidine 
inhibits Tdp1 activity at low micromolar concentrations, effective both with single- 
and double-stranded substrates but, as the inhibition is slightly stronger with the 
duplex DNA, binding/intercalation of the DNA itself may contribute to furamidine’s 
potency.  
From a structural point of view, furamidine can be considered as a bis-benzamidine 
derivative, and it belongs to a family of diamidines, including berenil and 
pantamidine, that are clinically active and used against parasitic diseases (Figure 
19A). 
 
Figure 19A. Chemical structures of furamidine, berenil and pentamidine. 
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These three analogs were tested to evaluate the contribution of the central furan 
portion of furamidine for Tdp1 inhibition. Pentamidine did not inhibit Tdp1 activity, 
despite the fact that furamidine and pentamidine have a similar structural curvature 
that closely matches the curvature of the DNA minor groove. Berenil showed activity, 
but only at high concentrations (Figure 19B) [11].   
 
 
Figure 19B. Activity of the analogs at different concentrations. 
 
 Phosphotyrosine mimetic. The AlphaScreen (Amplified Luminescence Proximity 
Homogenous Assay) bead system was used to evaluate the activity of 
phosphotyrosine mimetic inhibitors. The library of pharmacologically active 
compounds (LOPAC) was screened to further validate the assay. After data analysis, 
four active compounds were selected: aurintricarboxylic acid (ATA), the tyrosine 
phosphatase inhibitor methyl-3,4-dephostatin, and the Gα-specific G-protein 
antagonists suramin and NF449 (Figure 20) [12].     
 
Figure 20. Structures of the four compounds selected. 
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The four inhibitors were purchased separately and tested in secondary radiolabel gel-
based assays. All were found to be active against recombinant Tdp1 enzyme. Methyl-
3,4-dephostatin, an analog of the nitrosoaniline dephostatin, inhibited Tdp1 in this 
gel-based assay. Dephostatin, which differs from methyl-3,4-dephostatin by the 
position of one of its hydroxyl groups, displayed only a trace level of inhibition within 
the same concentration range, suggesting that specific structure modification on the 
nitrosoaniline motif is sufficient to determine Tdp1 inhibition. 
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experimental  section 
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Cancer, after cardiovascular diseases, is the second cause of death in industrialized 
countries; it is characterized by an aberrant structure and the uncontrolled growth of cells. 
The current therapy for the treatment of cancer includes: surgery, radiotherapy and 
chemotherapy.  
Drugs used as antitumoral act by inducing cell cycle arrest or programmed cell death 
(apoptosis); topoisomerases inhibitors can be listed in the first category. 
 
DNA topoisomerases are essential enzymes inducing DNA modification required during 
cellular processes such as replication, transcription, repair, etc.. Human topoisomerases are 
classified in type I (Top1) and type II (Top2), depending on whether they cleave single-
stranded or double-stranded DNA, respectively. Top1 binds the ribonucleotidic chain, 
leading to the formation of Top1-DNA cleavage complexes (Top1cc). Various conditions can 
increase the frequency of these complexes, which are converted into DNA damage by 
cellular metabolism or preexisting DNA lesions. Tyrosyl-DNA phosphodiesterase I (Tdp1) is 
an enzyme that has been implicated in the repair of irreversible Top1-DNA covalent 
complexes, since it catalyzes the hydrolytic cleavage of the covalent bond between the Top1 
catalytic tyrosine and the 3’-end of the DNA.  
Tdp1 has been regarded as a potential co-target of Top1 for anticancer therapy, in that it 
seemingly counteracts the effects of Top1 inhibitors, such as camptothecin and its clinically 
used derivatives. In this view, Tdp1 inhibitors have the potential to enhance the anticancer 
activity of Top1 inhibitors, by reducing the repair of Top1-DNA lesions. 
Within a project aimed to identify new potential Tdp1 inhibitors, in collaboration with the 
group of Professor Pommier of NIH (Bethesda) an in vitro screening on an in-house library of 
structurally heterogeneous chemical compounds was performed. Three of these molecules 
(TDP24, RDS2771 and RDS788) showed weak inhibitory activity on Tdp1, so representing 
lead compounds to be further improved by a lead optimization process.  
 
N
N
N
OH
RDS2771
OH
Cl
Cl
SCl
RDS788
SH3CO
O
N
OCH3
N
TDP24
 
 
These compounds were used as a starting point for a de novo design strategy, by means of 
computational studies conducted in collaboration with the research group of Professor 
Novellino (University of Naples). Two of the identified hits, RDS2771 and TDP24, are 
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polyaromatic compounds having an alkyl chain with a terminal polar group. From these 
preliminary studies, it is clear that the polar substituents of TDP24 and RDS2771 take direct 
contact with the enzyme residues (Figure 21).  
 
 
 
 
 
Figure 21. Binding mode of TDP24 (in pink) and RDS2771 (in yellow) predicted in the Tdp1 X-ray structure. The 
protein is represented as green ribbons and sticks.  
 
 
These ligands contain, within their nucleus, an indole ring (TDP24) or a bioisosteric 
pyrrolopyridine (RDS2771), which suggested that properly substituted indole derivatives 
may potentially act as TDP1 inhibitors.  
Thus, guided by molecular modeling studies on TDP24, a set of indolglyoxylethylester (I) and 
indolglyoxylamide (IIa and IIb) derivatives, substituted with alcoholic and amine chains of 
different lengths at specific positions, has been designed.  
The designed ligands were then subjected to molecular docking studies (University of 
Naples) at the crystal structure of TDP1 (data not shown), that predicted compounds I, IIa 
and IIb as potential TdP1 binders. 
31 
 
I
N
RO
OEt
O
O
IIa
N
O
H
N
O
O
(CH2)n N
R1
R2
N
O
H
N
O
O
(CH2)n-OH
n(H2C)N
R1
R2
HO
II b
 
 
 
 
The compounds were then synthesized, as outlined in schemes 1-5.  
The key intermediates for the synthesis of the target derivatives I, IIa and IIb were 
represented by products 3 and 4-6, prepared according to an experimental procedure 
outlined in scheme 1.  
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The first step consisted in the benzylation of 5-methoxy-indole by treatment with benzyl 
bromide in dry DMF, in the presence of NaH, to achieve compound 1, which was then 
acylated with oxalyl chloride, in anhydrous ethyl ether at room temperature for 2 hours. In 
order to obtain the amide derivatives 4-6, the indolylglyoxylyl chloride 2 was treated with 
the appropriate amine, in the presence of trimethylamine, in anhydrous toluene at room 
temperature overnight; to obtain the ester derivative 3, compound 2 was refluxed in 
absolute ethanol for 30 minutes.  
All compounds 3-6 were purified by flash chromatography using as eluent AcOEt: Petroleum 
Ether 40-60 °C in various ratio. 
Scheme 1 
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As outlined in scheme 2, compound 7 was obtained by demethylation of derivative 3 by 
treatment with boron tribromide, added dropwise in nitrogen atmosphere. At the end, 
methanol was added to the reaction mixture to hydrolyze the excess of BBr3, and crude 7 
was purified by flash chromatography (eluent mixture - dichloromethane:methanol = 9:1).  
Compound 7 was then treated with 3-bromo-1-propanol and potassium carbonate in 
acetone at 60 °C for 48 hours, to achieve compound 8 [16]. For the synthesis of compound 9, 
Cs2CO3 was added to a solution of compound 7 in anhydrous dimethylformamide, while in 
another flask, Cs2CO3 was added to a suspension of 2-dimethylaminoethylchloride 
hydrochloride in the same solvent. The solutions were stirred for about 30 minutes at room 
temperature, then the two mixtures were put together and heated at 60 °C for about 8h. 
Compounds 8 and 9 were purified by flash chromatography (eluent mixture - 
AcOEt:petroleum ether 40-60 °C = 3:7 for compound 8; dichloromethane:methanol = 9:1 for 
compound 9). 
 
Scheme 2 
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The synthetic procedure for the obtainment of compounds 16-18 is outlined in scheme 3.  
Compounds 10-12 were obtained by demethylation of compounds 4-6, using boron 
tribromide in anhydrous dichloromethane. Following treatment with 2-bromoethylacetate 
and cesium carbonate in acetone for 20 hours led to compounds 13-15, purified by flash 
chromatography (eluent mixture - dichloromethane:methanol = 9:1) [16]. 
The ester moiety of 13-15 was finally hydrolyzed with 1M NaOH  in dioxane, to achieve 
compounds 16-18 [16]. 
Scheme 3 
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Scheme 4 describes the synthesis of compounds 21 and 22.  
Compound 19 was obtained by refluxing compound 2 and ethanolamine in dioxane for 3 
hours. Its demethylation by treatment with boron tribromide in anhydrous dichloromethane 
led to compound 20, which was then treated with 3-dimethylamino-1-propylchloride 
hydrochloride or 2-chloro-N,N-diethylethylamine hydrochloride and cesium carbonate in 
anhydrous dimethylformamide, for 5h at 60°C, to furnish compounds 21 and 22.  
Both compounds were purified by flash chromatography (eleuent mixture - 
dichloromethane/methanol = 9:1). 
 
Scheme 4 
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Scheme 5 reports the synthetic procedure applied to obtain compound 25. Compound 2 and 
3-amino-1-propanol were reacted in dioxane, at room temperature for 3h, leading to 
compound 23, purified by flash chromatography (eleuent mixture - AcOEt: petroleum ether 
40-60°C = 7:3). 
The amide derivative obtained 23 was then demethylated by treatment with boron 
tribromide in anhydrous dichloromethane to achieve compound 24, which was finally 
treated with 3-dimethylamino-1-propylchloride hydrochloride for 4 hours at 60°C ,yielding 
compound 25, purified by flash chromatography (eluent mixture - 
dichloromethane:methanol = 9:1). 
 
Scheme 5 
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Melting points were determined using a Reichert Kofler hot-stage apparatus and are 
uncorrected. Routine nuclear magnetic resonance spectra were recorded in DMSO-d6 or 
CDCl3-d6 solution on a Bruker spectrometer operating at 400 MHz. Evaporation was 
performed in vacuum (rotary evaporator). Analytical TLC was carried out on Merck 0.2 mm 
percolated silica gel aluminium sheets (60 F-254). Silica gel (230-400 mesh ASTM) was used 
for column chromatography. Anhydrous reactions were performed in flame-dried glassware 
under N2. All reagents used were obtained from commercial sources. All solvents were of an 
analytical grade.  
All the target products to be tested were >96% pure as demonstrated by analysis carried out 
with a Varian Prostar HPLC system equipped with a PDA Detector at 205 nm [column Luna 
C18 (2) 5µ (150 mm x 4.6 mm)], gradient A/B 80/20 to 20/80 in 20 min, A consisting of 
water, B consisting of acetonitrile, flow rate of 1 ml/min, room temperature. 
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Procedure for the synthesis of 1-benzyl-5-methoxy-1H-indole 1. 
Sodium hydride (0.149 g, 3.73 mmol, 60% dispersion in mineral oil) was added portionwise, 
under nitrogen atmosphere, to an ice-cold solution of 5-methoxy-indole (0.500 g, 3.40 
mmol) in dimethylformamide (5ml) and the mixture was stirred for about 30 minutes at 0°C.  
Once hydrogen evolution ceased, benzyl bromide (3.73 mmol) was added dropwise and the 
reaction was maintained under stirring for 2 hours at room temperature. DMF was 
evaporated under reduced pressure, then ice was added to the reaction mixture and the 
solid precipitate formed was collected by vacuum filtration. The crude product did not need 
any further purification.  
 
1-benzyl-5-methoxy-1H-indole (1). Yield: 99%; mp= 77-79°C;   
1H-NMR (CDCl3-d6, ppm): 7.32-7.25 (m, 3H); 7.16 (d, 1H, J= 8.8 Hz); 7.12-7.09 (m, 4H); 6.85, 
6.82 (dd, 1H, J=2.4 Hz, J=8.8 Hz); 6.48 (d, 1H, J=3.2 Hz); 5.29 (s, 2H); 3.85 (s, 3H).     
 
Procedure for the synthesis of 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-2-oxoacetyl chloride 
2. 
Oxalyl chloride (0.18 ml, 2.0 mmol) was added dropwise at 0°C to a solution of compound 1 
in anhydrous diethyl ether (10 ml). The mixture was maintained at room temperature for 2 
hours. The solid precipitate obtained, was collected by vacuum filtration, and immediately 
used in the subsequent reaction.  
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-2-oxoacetyl chloride (2). Yield: 65%. 
 
 
Procedure for the synthesis of ethyl 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-2-oxoacetate 3.  
Absolute ethanol (8 ml) was added to compound 2 (0.222 g, 0.68 mmol) and the mixture was 
heated at 80°C for half an hour. After the mixture was cooled, the solvent was evaporated 
under reduced pressure and the product was used in the following reaction without any 
further purification.   
 
ethyl 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-2-oxoacetate (3). Yield: 96%; mp= 120-122 °C; 
1H-NMR (CDCl3-d6, ppm): 8.39 (s,1H); 7.99 (d,1H, J= 2.4 Hz); 7.37-7.34 (m, 3H); 7.21-7.19 
(m,3H);  6.94, 6.92 (dd, 1H, J= 2.8Hz, J= 8.8 Hz); 5.36 (s,2H); 4.41 (q,2H, J= 6.8 Hz); 3.91 
(s,3H); 1.44 (t,3H, J=7.2 Hz).  
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General procedure for the synthesis of 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-
(dialkylamino)-2-oxoacetamide 4-6. 
 
To a solution of compound 2 (0.205 g, 0.60 mmol) in anhydrous toluene (5 ml), was added 
under a nitrogen atmosphere the appropriate amine (0.70 mmol) at 0°C in 1ml of the same 
solvent. Triethylamine (0.80 mmol) was finally added to the mixture and the reaction was 
left under stirring at room temperature overnight (TLC analysis: dichloromethane/methanol 
= 9:1). The toluene solution was removed under reduced pressure, and the residue was 
extracted with dichloromethane and purified by washing with: 1) a solution of NaHCO3 dil. 
5%; 2) H20; 3) HCl dil. 10% and 4) H20. After drying with MgSO4, DCM was evaporated to 
dryness to yield the crude products. All compounds were pure enough to be used in the 
following steps without any further purification.  
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-(dimethylamino)propyl)-2-oxoacetamide (4). 
Yield: 48%; mp=186-188 °C; 
 1H-NMR (DMSO-d6, ppm): 8.93 (s, 1H); 8.89 (t, 1H, J= 6.0 Hz, exch. D2O); 7.78 (d, 1H, J= 2.8 
Hz); 7.51 (d, 1H, J= 8.8 Hz); 7.38-7.28 (m, 5H); 6.93, 6.91 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.57 (s, 
2H);   3.80 (s, 3H); 3.31-3.28 (m, 2H); 3.07-3.03 (m, 2H); 2.73 (s, 6H); 1.94-1.90 (m, 2H).  
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-(diethylamino)ethyl)-2-oxoacetamide (5). Yield: 
77%; mp=124-126 °C; 
1H-NMR (DMSO-d6, ppm): 8.97 (s, 1H); 8.66 (bs, 1H, exch. D2O); 7.77 (s, 1H); 7.50 (d, 1H, J= 
9.6 Hz); 7.34-7.29 (m, 5H); 6.91 (d, 1H, J= 8.0 Hz); 3.79 (s, 3H); 3.55 (q, 2H, J= 1.2 Hz); 2.76-
2.63 (m, 6H); 1.03 (t, 6H, J= 7.2 Hz).  
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-(dimethylamino)ethyl)-2-oxoacetamide (6). Yield: 
55%; mp=225-227 °C; 
1H-NMR (DMSO-d6, ppm): 8.96 (s, 1H); 8.71 (bs, 1H, exch. D2O); 7.77 (d, 1H, J= 2.4 Hz); 7.51 
(d, 1H, J= 9.2 Hz); 7.37-7.28 (m, 5H); 6.93, 6.90 (dd, 1H, J= 2.0 Hz, J= 8.8 Hz); 5.56 (s, 2H); 
3.42-3.39 (m, 2H); 2.74-2.70 (m, 2H); 2.41 (s, 6H).  
 
 
Procedure for the synthesis of ethyl 2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-2-oxoacetate 7. 
 
To a solution of compound 3 (0.250 g, 0.60 mmol) in anhydrous dichloromethane (5 ml), 
cooled at -10°C, was added boron tribromide (0.72 ml, 4.0 mmol) in 1 ml of the same 
solvent. The mixture was stirred overnight at room temperature (TLC analysis: ethyl acetate/ 
petroleum ether 40-60 °C =3:7). The dichloromethane was evaporated under reduced 
pressure and the residue was then washed twice with ethanol to hydrolyze the excess of 
BBr3; the product obtained was finally purified by flash chromatography (AcOEt: Petroleum 
Ether 40-60 °C = 3:7). 
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ethyl 2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-2-oxoacetate (7). Yield: 40%; mp= 200-202 °C; 
1H-NMR (DMSO-d6, ppm): 9.32 (s, 1H, exch. D2O); 8.53 (s, 1H); 7.59 (d, 1H, J= 2.4 Hz); 7.39-
7.35 (m, 3H); 7.33-7.29 (m, 3H); 6.76, 6.74 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.51 (s, 2H); 4.35 (q, 
2H, J= 7.2 Hz); 1.34 (t, 3H, J= 7.2 Hz).  
 
 
Procedure for the synthesis of ethyl 2-(5-(3-hydroxypropoxy)-1-benzyl-1H-indol-3-yl)-2-
oxoacetate 8.  
 
Potassium carbonate (0.207 g, 1.50 mmol) and 3-bromo-1-propanol (0.040 ml, 0.45 mmol) 
were added to a solution of compound 7 (0.098 g, 0.30 mmol) in acetone (6 ml). The mixture 
was stirred  at 60°C for about 48 hours (TLC analysis: ethyl acetate/ petroleum ether 40-60 
°C =3:7). The yellow suspension was filtered off, and the filtrate was concentrated under 
reduced pressure. The crude product was then purified by flash chromatography (AcOEt: 
Petroleum Ether 40-60 °C = 3:7).  
 
ethyl 2-(5-(3-hydroxypropoxy)-1-benzyl-1H-indol-3-yl)-2-oxoacetate (8). Yield: 10%; oil; 
1H-NMR (CDCl3-d6, ppm): 8.39 (s, 1H); 8.00 (d, 1H, J= 2.4 Hz); 7.37-7.34 (m, 3H); 7.21-7.18 (m, 
3H); 6.93, 6.91 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.36 (s, 2H); 4.41 (q, 2H, J= 7.2 Hz); 4.25 (t, 2H, 
J= 6.0 Hz); 3.91  (t, 2H, J= 6.0 Hz); 2.12-2.09 (m, 2H); 1.44 (t, 3H, J= 7.2 Hz). 
13C-NMR (CDCl3-d6, ppm): 177.52; 162.98; 156.26; 139.61; 135.19; 131.76; 129.14; 129.12; 
128.39; 128.37; 126.99; 114.74; 113.08; 111.43; 105.30; 66.63; 62.02; 60.93; 51.42; 32.03; 
14.09.  
   
 
Procedure for the synthesis of ethyl 2-(5-(2-(dimethylamino)ethoxy)-1-benzyl-1H-indol-3-
yl)-2-oxoacetate 9. 
 
In a flask, Cs2CO3 (0.28 mmol) was added to a solution of compound 7 (0.070 g, 0.22 mmol) 
in anhydrous dimethylformamide (5 ml); in another flask, Cs2CO3 (0.40 mmol) was added to 
a suspension of 2-dimethylaminoethylchloride hydrochloride (0.051 g, 0.35 mmol) in the 
same solvent. The reaction was conducted under nitrogen. The mixtures were stirred for 
about 30 minutes at room temperature, then the two flasks were put together and the 
resulting mixture was heated at 60 °C for about 8h (TLC analysis: dichloromethane/methanol 
= 9:1). The dimethylformamide was removed under reduced pressure, and ice was added to 
the flask. The mixture was extracted with DCM and the crude product was purified by flash 
chromatography (DCM: MeOH = 9:1).    
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ethyl 2-(5-(2-(dimethylamino)ethoxy)-1-benzyl-1H-indol-3-yl)-2-oxoacetate (9). Yield: 23%; 
oil; 
1H-NMR (DMSO-d6, ppm): 8.61 (s, 1H); 7.68 (d, 1H, J= 2.4 Hz); 7.49 (d, 1H, J= 8.8 Hz); 7.37-
7.29 (m, 5H); 6.94, 6.92 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 4.36 (q, 2H, J= .2 Hz); 4.07 (t, 2H, J= 5.6 
Hz); 2.64 (t,2H, J= 5.6 Hz); 2.22 (s, 6H); 1.34 (t, 3H, J= 7.2 Hz). 
13C-NMR (DMSO-d6, ppm): 178.88; 163.88; 156.19; 141.17; 136.98; 131.91; 129.23; 128.33; 
127.79; 127.69; 114.21; 113.14; 111.93; 104.91; 66.77; 62.12; 58.18; 46.04; 14.39. 
 
 
General procedure for the synthesis of 2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-
(dialkylamino)-2-oxoacetamide 10-12.  
 
Boron tribromide (3.0 mmol) was added, under a nitrogen atmosphere, to an ice-cooled 
solution of the appropriate 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-(dialkylamino)-2-
oxoacetamide derivative 4 or 5 or 6 (0.30 mmol) in anhydrous dichloromethane and the 
mixture was stirred for 36h at room temperature (TLC analysis: dichloromethane/methanol 
= 9:1). The dichloromethane was removed under reduced pressure, and the residue was 
washed twice with methanol to hydrolyze the excess of BBr3. The crude product was then 
purified by flash chromatography (DCM:MeOH = 9:1). 
 
2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-(dimethilamino)propyl)-2-oxoacetamide (10). 
Yield: 42%; oil;  
1H-NMR (DMSO-d6, ppm): 9.25 (bs, 1H, exch. D2O); 8.87-8.85 (m, 2H, exch. D2O); 7.67 (d, 1H, 
J= 2.0 Hz); 7.39-7.27 (m, 6H); 6.76, 6.73 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.51 (s, 2H); 3.30-3.25 
(m, 2H); 3.07-3.03 (m, 2H); 2.74 (s, 6H); 1.91-1.87 (m, 2H). 
 
2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-(diethilamino)ethil)-2-oxoacetamide (11). Yield: 
70%; mp= 176-178 °C; 
1H-NMR (DMSO-d6, ppm): 9.25 (s, 1H, exch. D2O); 8.91 (s, 1H); 8.71 (bs, 1H, exch. D2O); 7.68 
(d, 1H, J= 2.4 Hz); 7.40-7.28 (m, 6H); 6.76, 6.73 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 3.40-3.37 (m, 
2H); 2.78-2.77 (m, 4H); 1.05 (t, 6H, J= 7.2 Hz).   
 
2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-(dimethilamino)ethil)-2-oxoacetamide (12). Yield: 
70%; mp= 233-235 °C; 
1H-NMR (DMSO-d6, ppm): 9.24 (s, 1H, exch. D2O); 8.88 (s, 1H); 8.53 (t, 1H, exch. D2O, J= 6.0 
Hz); 7.66 (d, 1H, J= 2.4 Hz); 7.38-7.28 (m, 6H); 6.74, 6.72 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.51 (s, 
2H); 3.31-3.29 (m, 2H); 2.39 (t, 2H, J= 6.8 Hz); 2.18 (s, 6H)    
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General procedure for the synthesis of 2-(1-benzyl-5-ethylacetate-1H-indol-3-yl)-N-(3-
(dialkylamino)-2-oxoacetamide 13-15.  
 
To a solution of the appropriate 2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-(dialkylamino)-2-
oxoacetamide derivative 10 or 11 or 12 (0.26 mmol) in acetone (12 ml) was added cesium 
carbonate (0.80 mmol) and 2-bromoethyl acetate (0.40 mmol). The mixture was stirred at 60 
°C for about 20h (TLC analysis: dichloromethane/methanol = 9:1), concentrated in vacuum 
and suspended in ethyl acetate. The suspension was washed in 1) H2O; 2) saturated aqueous 
NaHCO3 solution and 3) brine. The organic phase was dried over MgSO4 and concentrated 
under reduced pressure. The crude product was then purified by flash chromatography 
(DCM:MeOH = 9:1).   
 
 
2-(1-benzyl-5-ethylacetate-1H-indol-3-yl)-N-(3-(dimethilamino)propyl)-2-oxoacetamide (13). 
Yield: 42%; mp= 97-99 °C; 
1H-NMR (CDCl3-d6, ppm): 9.03 (s, 1H); 8.18 (t, 1H, exch. D2O, J= 5.6 Hz); 7.97 (d, 1H, J= 2.4 
Hz); 7.37-7.29 (m, 3H); 7.21-7.18 (m, 3H); 6.95, 6.92 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.36 (s, 
2H); 4.47 (t, 2H, J= 4.8 Hz); 4.29 (t, 2H, J= 4.8 Hz); 3.50 (q, 2H, J= 6.4 Hz); 2.64 (t, 2H, J= 7.2 
Hz); 2.45 (s, 6H); 2.13 (s, 3H); 1.96-1.91 (m, 2H). 
 
2-(1-benzyl-5-ethylacetate-1H-indol-3-yl)-N-(3-(diethilamino)ethil)-2-oxoacetamide (14).  
Yield: 60%; oil; 
1H-NMR (CDCl3-d6, ppm): 9.04 (s, 1H); 8.02 (bs, 1H, exch. D2O); 7.98 (d, 1H, J= 2.4 Hz); 7.34-
7.29 (m, 3H); 7.19-7.16 (m, 3H); 6.93, 6.91 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.35 (s, 2H); 4.45 (t, 
2H, J= 4.6 Hz); 4.28 (t, 2H, J= 4.6 Hz); 3.46 (q, 2H, J= 6.0 Hz); 2.69 (t, 2H, J= 6.2 Hz); 2.62 (q, 
4H, J= 3.6 Hz); 2.11 (s, 3H); 1.09 (t, 6H, J= 7.2 Hz).    
 
2-(1-benzyl-5-ethylacetate-1H-indol-3-yl)-N-(3-(dimethilamino)ethil)-2-oxoacetamide (15). 
Yield: 40%; mp= 103-105 °C; 
1H-NMR (CDCl3-d6, ppm): 8.96 (s, 1H); 8.36 (t, 1H, exch. D2O, J= 6.2 Hz); 7.97 (d, 1H, J= 2.4 
Hz); 7.36-7.30 (m, 3H); 7.20-7.17 (m, 3H); 6.93, 6.91 (dd, 1H, J= 2.8 Hz, J= 9.0 Hz); 5.36 (s, 
2H); 4.48-4.45 (t, 2H, J= 4.8 Hz); 4.29-4.26 (t, 2H, J= 4.8 Hz); 3.71 (q, 2H, J= 6.0 Hz); 3.01 (t, 
2H, J= 6.2 Hz); 2.64 (s, 6H); 2.12 (s, 3H). 
 
 
General procedure for the synthesis of 2-(5-(2-hydroxyethoxy)-1-benzyl-1H-indol-3-yl-N-(2-
(dialkylamino)-2-oxoacetamide 16-18.  
A solution of the appropriate 2-(1-benzyl-5-ethylacetate-1H-indol-3-yl)-N-(3-
(dialkylamino)ethil)-2-oxoacetamide derivative 13 or 14 or 15 (0.31 mmol) was dissolved in 
1,4-dioxane (7 ml) and cooled to 0 °C. Then a solution of NaOH 1M (1.25 ml) was added and 
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the mixture was stirred at room temperature for 5 hours. The reaction mixture was 
concentrated in vacuum, dissolved in ethyl acetate and washed with 1) saturated aqueous 
NaHCO3 solution, 2) water and 3) brine. The organic phase was dried over MgSO4  and 
concentrated under reduced pressure.  
2-(5-(2-hydroxyethoxy)-1-benzyl-1H-indol-3-yl-N-(2-(dimethylamino)propyl)-2-oxoacetamide 
(16). Yield: 69%; oil; 
1H-NMR (CDCl3-d6, ppm): 9.05 (s, 1H); 8.24 (bs, 1H, exch. D2O); 7.98 (d, 1H, J= 2.4 Hz); 7.36-
7.31 (m, 3H); 7.20-7.18 (m, 3H); 6.94, 6.92 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.35 (s, 2H); 4.21 (t, 
2H, J= 4.4 Hz); 4.00 (t, 2H, J= 4.4 Hz); 3.47 (q, 2H, J= 6.4 Hz); 2.50 (t, 2H, J= 6.8 Hz); 2.34 (s, 
6H); 1.85-1.82 (m, 2H).  
13C-NMR (CDCl3-d6, ppm): 180.23; 162.81; 156.04; 141.59; 135.39; 131.53; 129.04; 128.91; 
128.28; 126.96; 114.19; 112.16; 111.51; 105.63; 69.90; 61.55; 57.58; 51.43; 45.12; 38.11; 
29.70; 26.44. 
 
2-(5-(2-hydroxyethoxy)-1-benzyl-1H-indol-3-yl-N-(2-(diethylamino)ethil)-2-oxoacetamide 
(17). Yield: 81%; oil;  
1H-NMR (CDCl3-d6, ppm): 8.94 (s, 1H); 8.46 (t, 1H, exch. D2O, J= 6.0 Hz); 7.96 (d, 1H, J= 2.4 
Hz); 7.35-7.29 (m, 3H); 6.92, 6.89 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.32 (s, 2H); 4.18 (t, 2H, J= 4.6 
Hz); 3.99 (t, 2H, J= 4.4); 3.66 (q, 2H,    J= 6.4 Hz); 3.01 (t, 2H, J= 6.0 Hz); 2.96 (q, 4H, J= 7.2 Hz); 
1.20 (t, 6H, J= 7.2 Hz).  
13C-NMR (DMSO-d6, ppm): 181.90; 163.60; 156.20; 141.71; 137.18; 131.56; 129.20; 128.44; 
128.28; 127.80; 113.77; 112.84; 111.68; 105.21; 70.44; 60.12; 51.48; 50.43; 47.10; 47.08; 
37.19; 21.56; 12.37. 
 
2-(5-(2-hydroxyethoxy)-1-benzyl-1H-indol-3-yl-N-(2-(dimethylamino)ethyl)-2-oxoacetamide 
(18). Yield: 72%; oil;  
1H-NMR (CDCl3-d6, ppm): 9.03 (s, 1H); 8.01 (bs, 1H, exch. D2O); 7.98 (d, 1H, J= 2.8 Hz); 7.34-
7.31 (m, 3H); 7.19 (m, 3H); 7.19 (m, 3H); 6.94, 6.92 (dd, 1H, J= 2.4, J= 8.8 Hz); 5.35 (s, 2H); 
4.20 (t, 2H, J= 4.4 Hz); 4.00 (t, 2H, J= 4.4 Hz); 3.50 (q, 2H, J= 6.0 Hz); 2.58 (t, 2H, J= 6.0 Hz); 
2.33 (s, 6H).  
13C-NMR (CDCl3-d6, ppm): 180.06; 162.80; 156.06; 141.51; 135.38; 131.49; 129.04; 128.92; 
128.28; 126.96; 114.28; 112.14; 111.52; 105.49; 77.36; 77.04; 76.72; 69.87; 61.52; 57.59; 
57.59; 51.41; 45.10; 36.61; 29.70 
 
 
General procedure for the synthesis of 2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-
(hydroxyalkyl)-2-oxoacetamide 19 and 23. 
To a solution of compound 2 (3.0 mmol) in dioxane (3 ml), was added dropwise a solution of 
the appropriate amine (9.0 mmol), at 0 °C and the mixture was stirred for 3h at room 
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temperature. The dioxane was removed under reduced pressure and water was added to 
the mixture; the solid precipitate formed was collected by vacuum filtration. The crude 
product was finally purified by flash chromatography (AcOEt: petroleum ether 40-60 °C = 
7:3). 
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(2-hydroxyethyl)-2-oxoacetamide (19). Yield: 35 %; 
mp= 154-156 °C;  
1H-NMR (DMSO-d6, ppm): 8.94 (s, 1H); 8.61 (bs, 1H, exch. D2O); 7.77 (s, 1H); 7.49 (d, 1H, J= 
9.2 Hz); 7.37-7.28 (m, 5H); 6.91 (d, 1H, J= 8.8 Hz); 5.56 (s, 2H); 4.79 (bs, 1H, exch. D2O); 3.79 
(s, 3H); 3.52-3.51 (m, 2H); 3.32-3.29 (m, 2H). 
 
2-(1-benzyl-5-methoxy-1H-indol-3-yl)-N-(3-hydroxpropyl)-2-oxoacetamide (23). Yield: 71%; 
mp= 125-127 °C; 
1H-NMR (CDCl3-d6, ppm): 9.05 (s, 1H); 7.95 (d, 1H, J= 2.4 Hz); 7.85 (bs, 1H, exch. D2O); 7.37-
7.32 (m, 3H); 7.20-7.18 (m, 3H); 6.92, 6.90 (dd, 1H, J= 2.8 Hz, J= 9.2 Hz); 5.37 (s, 2H); 3.91 (s, 
3H); 3.72 (t, 2H, J= 8.0 Hz); 3.58 (q, 2H, J= 8.0 Hz); 1.86-1.81 (m, 2H). 
 
 
General procedure for the synthesis of 2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-
(hydroxyalkyl)-2-oxoacetamide 20 and 24. 
 
To a suspension of compound 19 or 23 (0.43 mmol) in anhydrous dichloromethane (5 ml) 
cooled at -10 °C, was added dropwise boron tribromide (4.30 mmol). The mixture was stirred 
at room temperature for 2-12 hours (TLC analysis: dichloromethane/ methanol = 9.5:0.5). 
The solvent was removed under vacuum and the mixture was washed with methanol twice, 
to hydrolyze the excess of BBr3. The crude product was finally purified by flash 
chromatography (DCM:MeOH = 9.5:0.5). 
2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(2-hydroxyethyl)-2-oxoacetamide (20). Yield: 67%; 
mp= 217-219 °C; 
1H-NMR (DMSO-d6, ppm): 9.25 (s, 1H, exch. D2O); 8.88 (s, 1H); 8.58 (t, 1H, exch. D2O, J= 5.8 
Hz); 7.67 (d, 1H, J= 2.4 Hz); 7.38-7.28 (m, 6H); 6.74, 6.72 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.51 (s, 
2H); 4.79 (t, 1H, exch. D2O, J= 5.6 Hz); 3.53-3.49 (m, 2H); 3.26-3.11 (m, 2H). 
 
2-(1-benzyl-5-hydroxy-1H-indol-3-yl)-N-(3-hydroxypropyl)-2-oxoacetamide (24). Yield: 30; 
mp= 169-171 °C; 
1H-NMR (DMSO-d6, ppm): 9.24 (s, 1H, exch. D2O); 8.85 (s, 1H); 8.69-8.66 (bs, 1H, exch. D2O); 
7.66 (d, 1H, J= 2.4 Hz); 7.38-7.28 (m, 6H); 6.74, 6.72 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.50 (s, 2H); 
4.51 (t, 1H, J= 5.2 Hz); 3.46 (q, 2H, J= 5.8 Hz); 3.30-3.26 (m, 2H); 1.69-1.65 (m, 2H). 
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General procedure for the synthesis of 2-(5-(3-(dialkylamino)-1-benzyl-1H-indol-3-yl)-N-(2-
hydroxyalkyl)-2-oxoacetamide 21, 22 and 25. 
In a flask, Cs2CO3 (0.19 mmol) was added to a solution of compound 20 or 24 (0.15 mmol) in 
anhydrous dimethylformamide (5 ml). In another flask Cs2CO3 (0.24 mmol) was added to a 
suspension of the appropriate amine (0.24 mmol) in the same solvent. The reaction was 
conducted under nitrogen. 
The mixtures were stirred for about 30 minutes at room temperature, then the two flasks 
were put together and the resulting mixture was heated at 60 °C for about 5h (TLC analysis: 
dichloromethane/ methanol = 9:1). The dimethylformamide was removed under reduced 
pressure, then ice was added to the reaction mixture and the solid precipitate formed was 
collected by vacuum filtration. The crude products were finally purified by flash 
chromatography (DCM: MeOH = 9:1). 
 
2-(5-(3-(dimethylamino)propoxy)-1-benzyl-1H-indol-3-yl)-N-(2-hydroxyethyl)-2-oxoacetamide 
(21). Yield: 79%; mp= 145-147 °C; 
1H-NMR (DMSO-d6, ppm): 8.93 (s, 1H); 8.58 (t, 1H, exch. D2O, J= 6.0 Hz); 7.76 (d, 1H, J= 2.4 
Hz); 7.47 (d, 1H, J= 9.2 Hz); 7.37- 7.27 (m, 5H); 6.91, 6.88 (dd, 1H, J= 2.0 Hz, J= 8.8 Hz); 5.55 
(s, 2H); 4.80 (bs, 1H, exch. D2O); 4.02 (t, 2H, J= 6.4 Hz); 3.53-3.51 (m, 2H); 3.32-3.29 (m, 2H); 
2.37 (t, 2H, J= 7.0 Hz); 2.15 (s, 6H); 1.89-1.85 (m, 2H). 
13C-NMR (DMSO-d6, ppm): 181.93; 181.90; 163.84; 156.18; 141.62; 137.18; 131.51; 129.20; 
128.45; 128.26; 127.80; 113.77; 112.84; 111.67; 105.08; 79.64; 66.74; 59.87; 59.75; 56.21; 
50.43; 45.69; 41.88; 41.77; 27.45. 
 
2-(5-(3-(diethylamino)ethoxy)-1-benzyl-1H-indol-3-yl)-N-(2-hydroxyethyl)-2-oxoacetamide 
(22). Yield: 57%; mp= 116-118 °C; 
1H-NMR (CDCl3-d6, ppm): 9.00 (s, 1H); 7.97 (t, 1H, exch. D2O, J= 6.0 Hz); 7.94 (d, 1H, J= 2.4 
Hz); 7.34-7.31 (m, 3H); 7.19-7.17 (m, 3H); 6.92, 6.89 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.34 (s, 
2H); 4.32 (t, 2H, J= 5.2 Hz); 3.85 (t, 2H, J= 5.2 Hz); 3.58 (q, 2H, J= 5.6 Hz); 3.16 (t, 2H, J= 5.2 
Hz); 2.93-2.91 (m, 4H); 1.25 (t, 6H, J= 6.8 Hz). 
13C-NMR (CDCl3-d6, ppm): 179.72; 163.48; 141.64; 135.27; 131.59; 129.07; 128.88; 128.33; 
126.97; 113.98; 112.02; 111.59; 105.65; 61.91; 51.45; 47.60; 42.23. 
 
2-(5-(3-(dimethylamino)propoxy)-1-benzyl-1H-indol-3-yl)-N-(3-hydroxypropyl)-2-
oxoacetamide (25). Yield: 56%; mp=111-113 °C; 
1H-NMR (CDCl3-d6, ppm): 9.03 (s, 1H); 7.94 (d, 1H, J= 2.8 Hz); 7.86 (bs, 1H, exch. D2O); 7.37-
7.31 (m, 3H); 7.20-7.17 (m, 3H); 6.91, 6.88 (dd, 1H, J= 2.4 Hz, J= 8.8 Hz); 5.36 (s, 2H); 4.13 (t, 
2H, J= 6.4 Hz); 3.71 (t, 2H, J= 5.8 Hz); 3.57 (q, 2H, J= 6.2 Hz); 2.65 (t, 2H, J= 7.2 Hz); 2.40 (2, 
6H); 2.11-2.07 (m, 2H); 1.84-1.81 (m, 2H). 
13C-NMR (DMSO-d6, ppm): 182.20; 163.87; 156.11; 141.57; 137.19; 131.54; 129.21; 128.41; 
128.27; 127.80; 113.76; 112.85; 111.69; 105.04; 66.58; 59.19; 56.01; 50.41; 45.31; 36.68; 
32.42; 27.07.  
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